Viral and bacterial infections are initially recognized by specialized antigen-presenting cells, including dendritic cells (DCs), which can be classified into two groups: plasmacytoid dendritic cells (pDCs) and myeloid dendritic cells (mDCs). The pDC response is mediated through the recognition of viral genomic RNA by Toll-like receptor (TLR) 7 or through the recognition of double-stranded DNA by TLR9. pDCs secrete interferon alpha (IFN-α), which induces an antiviral state and promotes the activation of natural cytotoxic cells 1 . Recognition by mDCs is mediated by TLRs expressed in the cellular membrane (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10 and TLR11) or in the interior of the cell (TLR3 and TLR8). mDCs secrete interleukin (IL)-12 and promote an immune T helper 1 (Th1) cell response 2 . The number of pDCs increases during the acute phase of human immunodeficiency virus (HIV) infection, when circulating IFN-α is detected at higher levels, and declines in patients with chronic HIV infection [3] [4] [5] . The pDC depletion has been attributed to apoptosis 6 or to migration of pDCs towards gut-associated lymphoid tissues and lymph nodes . These data are opposite to the anticipated strong innate immune response after the recognition of viral antigens in other diseases 1, 2 .
Viral and bacterial infections are initially recognized by specialized antigen-presenting cells, including dendritic cells (DCs), which can be classified into two groups: plasmacytoid dendritic cells (pDCs) and myeloid dendritic cells (mDCs). The pDC response is mediated through the recognition of viral genomic RNA by Toll-like receptor (TLR) 7 or through the recognition of double-stranded DNA by TLR9. pDCs secrete interferon alpha (IFN-α), which induces an antiviral state and promotes the activation of natural cytotoxic cells 1 . Recognition by mDCs is mediated by TLRs expressed in the cellular membrane (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10 and TLR11) or in the interior of the cell (TLR3 and TLR8). mDCs secrete interleukin (IL)-12 and promote an immune T helper 1 (Th1) cell response 2 . The number of pDCs increases during the acute phase of human immunodeficiency virus (HIV) infection, when circulating IFN-α is detected at higher levels, and declines in patients with chronic HIV infection [3] [4] [5] . The pDC depletion has been attributed to apoptosis 6 or to migration of pDCs towards gut-associated lymphoid tissues and lymph nodes 7 . Although mDCs are not significantly reduced in subjects with acute HIV infection 8 , a decrease is observed during the chronic phase 9 , mainly in those with a lower CD4 T cell count 10 . These data are opposite to the anticipated strong innate immune response after the recognition of viral antigens in other diseases 1, 2 .
1
Immune activation is present in HIV-infected patients, even in those in which viral replication is controlled and CD4+ T cells are normal 11 . In fact, immune activation markers are considered a prognostic index in HIV-infected individuals 11 . Among others, the drivers of immune activation include microbial translocation phenomena as a result of intestinal barrier damage [11] [12] [13] . After acute infection, a massive depletion of CD4+ T cells from gut-associated lymphoid tissues occurs and persists during the chronic stage 14, 15 . The administration of antiretroviral therapy (ART) only partially repairs gut mucosal injury 11, 12 . The consequences of bacterial translocation, secondary to intestinal barrier damage, on innate and adaptive immune function have been insufficiently analyzed in HIV-infected patients. Thus, the impact of bacterial translocation on DCs has received limited attention. Even though bacterial lipopolysaccharide (LPS) is recognized by mDCs via TLR4, the expected increased secretion of IL-12 is usually abnormal in HIV infection. Also, the expected IFN-α secretion after recognition via TLR9 of the bacterial DNA by pDCs is also defective in these patients 16 .
The regulatory mechanisms of persistent immune activation include regulatory T lymphocytes (Tregs) and myeloid-derived suppressor cells (MDSCs). Tregs suppress T lymphocyte proliferation and DCs function through contact mechanisms and by the secretion of cytokines (transforming growth factor beta 1 (TGF-β1) or IL-10) 17 . We previously reported that the proportion of Tregs is increased in HIV-infected patients with uncontrolled HIV replication 18 . MDSCs are a heterogeneous population comprising myeloid progenitors and immature macrophages, granulocytes and dendritic cells. In humans, MDSCs represent approximately 0.5% of peripheral white blood cells. The exposure of precursors (peripheral blood or bone marrow mononuclear cells) to LPS or to proinflammatory cytokines contributes to the expansion of MDSCs 19 . Two types of human MDSC have been characterized. Both types express CD11b. Monocytic MDSC (M-MDSC) are characterized by the expression of CD14, and granulocytic polymorphonuclear MDSC (G-MDSC) by the expression of CD15 and CD66b. MDSCs induce the expansion of Tregs and block the DCs production by bone marrow 20 . An increase in G-MDSCs 21 and M-MDSCs 22 has been detected in HIV-infected patients, although the ability to secrete IL-10 or the relationship with bacterial translocation markers has not been analyzed.
We hypothesized that the changes in number or proportions of immune cells detected at baseline would be due to stimuli provided by HIV itself and by microbial translocation-derived products. After controlling HIV replication by ART, modulation of immune populations would be only the effect of these microbial translocation-derived molecules.
The objectives of the present work were: 
Results
The immune and virological characteristics of the untreated patients and controls are shown in Table 1 .
Bacterial translocation and monocyte and lymphocyte activation. 16S rDNA was detected in peripheral blood of all patients. LBP was significantly higher in patients than in healthy controls. HIV-positive subjects exhibited a significantly higher serum concentration of IL-6 and sCD14 and higher percentages of CD4+ DR+ and CD8+ DR+ than healthy controls. The highest values of activated lymphocytes were observed in chronic HIV-infected patients with uncontrolled HIV replication (Table 1) . A significant negative correlation was detected between baseline CD4+ T cell counts and LBP concentration (r = −0·440, p = 0·046).
Dendritic cells in untreated HIV-infected patients and quantitation of the Th1 and Th2 subpopulations. The absolute numbers and percentages of mDCs and pDCs were significantly higher in untreated HIV-infected individuals than in healthy donors. The percentage of mDC expressing IL-12 and pDC expressing IFN-α were significantly higher in untreated HIV individuals than in healthy controls ( Table 2 , Fig. 1 ). We did not observe significant differences in the absolute number or in the percentages of either type of DCs among the two groups of HIV-infected subjects ( Table 2 , Fig. 1 ). No significant correlation was detected between mDC or pDC and baseline CD4+ T lymphocytes or HIV load (data not shown).
Because DCs influence the adaptive immune response, we next analyzed the Th1 and Th2 subpopulations. HIV-infected individuals exhibit a significantly higher percentage of Th2 cells [healthy controls, 22 (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) ; patients with recent infection, 58 (24-69); patients with chronic infection, 63 (38-79); p < 0·05 with reference to healthy control in both cases. Data expressed as percentage of T CD4+ lymphocytes] without significant differences between the two groups of patients (p > 0·05). By contrast, Th1 cells number was similar in patients and healthy controls [healthy controls, 17 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) ; patients with recent infection, 29 ; patients with chronic infection, 38 (8-59); p > 0·05 with reference to healthy control in both cases. Data expressed as percentage of T CD4+ lymphocytes].
Regulatory cells in HIV-infected patients. Consistent with immune activation (detected by increased IL-6 and sCD14 concentration or percentages of CD4+ DR+ and CD8+ DR+), an increase in the numbers and percentages of regulatory cells and expression of immunoregulatory cytokines by them were expected. The absolute number and proportion of Tregs and the intracellular expression of TGF-β1 and IL-10 was significantly higher in HIV-infected individuals than in controls, without significant differences among the groups of HIV-infected patients (Table 3 , Fig. 2 ).
www.nature.com/scientificreports www.nature.com/scientificreports/ Among HIV-infected subjects, positive correlations between the proportions of Treg with CD4+ DR+ (r = 0·275, p = 0·040) and CD8+ DR+ (r = 0.289, p = 0·028) cells were observed. In HIV-infected individuals with recent or chronic infection and detectable HIV load, the percentage of Tregs correlated positively with the HIV load (r = 0·610, p = 0·006). However, the percentages of Tregs expressing TGF-β1 or IL-10 were not significantly correlated with the proportion of activated T cells or with the HIV load. In these untreated HIV-infected patients, the proportion of Tregs expressing TGF-β1 correlated negatively with the expression of IL-12 by mDCs (r = −0·489, p = 0·021) and IFN-α by pDCs (r = −0·514, p = 0·017). We did not observe any correlations between the percentages of Tregs and those of mDCs or pDCs.
Next, the proportions of MDSCs were analyzed. No significant differences in the number or proportion of MDSCs between healthy subjects and HIV patients were detected. The intracellular expression of IL-10 was significantly higher in HIV patients but did not differ significantly among the groups of HIV-infected individuals (Table 3 Nine of ten patients in each group started ART and achieved undetectable HIV load at 6 months. Recently infected patients were treated with tenofovir disoproxil, emtricitabine and darunavir/cobicistat (five individuals) or tenofovir disoproxil, emtricitabine and dolutegravir (four individuals). Chronically infected patients were treated with tenofovir disoproxyl, emtricitabine and darunavir/cobicistat (four patients), tenofovir disoproxil, emtricitabine and dolutegravir (one patient) or abacavir, lamivudine and dolutegravir (four patients). A significant increase in the CD4+ T cell count was observed in both groups of patients [Recent HIV infection: baseline, 572 (449-824)/mm Presence of bacterial DNA in peripheral blood (n, %) 0 (0) 20 (100)*** 10 (100)*** 10 (100)*** In patients with recent HIV infection, the analysis performed at the end of follow-up after ART revealed that the proportions of mDC and pDC had increased significantly as compared with the baseline values. Additionally, the intracellular expression of IL-12 and IFN-α by mDCs and pDCs, respectively, increased significantly after ART. The proportion of Th1 cells did not change significantly during follow-up, whereas the percentage of Th2 cells significantly decreased after ART. Whereas there was no significant change in the proportion of Tregs or in its expression of TGF-β1 or IL-10, significant increases in the proportion of MDSCs and the intracellular expression of IL-10 after ART were observed (Fig. 4) .
In patients with chronic HIV infection, no significant changes in the proportions of mDCs and pDCs were observed after 6 and 12 months on ART. However, the expression of IL-12 and IFN-α by mDCs and pDCs increased significantly at 6 and 12 months. After ART, we did not observe any significant differences in the percentage of Tregs or in TGF-β1 and IL-10 expression compared with the baseline values. A significant increase in MDSCs was detected in these patients after treatment, without significant modifications of IL-10 expression (Fig. 5) .
Characteristics observed after 12 months of ART in these nine chronic HIV-infected individuals, untreated at baseline, were compared with those of 25 chronic infected patients with undetectable HIV at inclusion after a median of 54 (range, 16- . No significant difference in bacterial translocation parameters (presence of 16S rDNA or LBP concentration) or in serum IL-6 or sCD14 levels between groups were observed. The absolute number and percentage of both mDC and pDC were significantly lower in patients with chronically controlled HIV load when compared with those controlled after only 12 months of ART. Likewise, significant differences were detected in the percentages of mDC expressing IL-12 and pDC expressing IFN-α between both groups. Th1 and Th2 cells number were similar in both groups. Chronically infected patients with undetectable HIV load at baseline exhibited significantly higher proportion of Treg expressing TGF-β1 and IL-10 than those controlled after only 12 months of ART (p < 0·05 in each case). The proportion of MDSCs and MDSCs expressing intracellular IL-10 were significantly lower in patients with chronically controlled HIV load (Table 4) .
Discussion
In the present work, we have analyzed the characteristics of cells implicated in antigen presentation and down-regulation in HIV-infected patients before and after the initiation of ART. We have hypothesized that the changes in number or proportions of immune cells detected at baseline were due to the combined effect of HIV itself and microbial translocation-derived products. After control of HIV replication by ART, these microbial translocation-derived molecules would be the unique modulators of immune populations.
As it has previously communicated 11, 12, 14, 15 , microbial translocation (as assessed by the presence of 16S rDNA or by the LBP levels in the serum), and monocyte (measured by IL-6 or sCD14 levels) and T lymphocyte (CD4+ DR+ and CD8+ DR+ percentages) activation were detected in recently and chronically infected patients, regardless of HIV load. Consistent with previous data 14, 15 , we observed that microbial translocation, monocyte and lymphocyte activation persist after ART.
Infectious antigens are initially recognized by specialized antigen-presenting cells, including DCs. In contrast to previously reported data [3] [4] [5] [6] [7] [8] [9] , we observed that the percentages of DCs and the intracellular expression of IL-12 and IFN-α by mDCs and pDCs respectively, were higher in HIV-infected patients than in healthy controls. Our findings are in concordance with the expected increase in number and function of DCs after an infectious stimulus 1, 2, [23] [24] [25] [26] . In patients with recent HIV infection, but not in those with chronic disease, who achieved an undetectable HIV viral load after ART, an increase in the number of both subtypes of DCs was observed, even though markers of bacterial translocation, monocyte and lymphocyte activation persisted unchanged. The increase in the proportions of mDCs and pDCs after ART in HIV patients with recent, but not in those with chronic, infection could be attributed to two causes: (1) Enhanced production of mDCs and pDCs. (2) Decrease in the loss of peripheral blood DCs by diminution of apoptosis or migration to lymphoid tissues. Any such change might be more significant in recently infected patients. Also, it could be secondary to the influence of Tregs on DCs: Tregs suppress DCs function through contact mechanisms and by the secretion of cytokines (TGF-β1 or IL-10) 17 ; in fact, in our study the proportion of Tregs expressing TGF-β1 correlated negatively with the expression of IL-12 by mDCs and INF-α by pDCs. In both, recently and chronically HIV-infected patients, increased intracellular expression of IFN-α by pDC and IL-12 by mDC after 12 months of ART was observed, suggesting that the persistence of bacterial translocation may stimulate DCs continuously either through LPS/TLR4 or 16S rDNA/TLR9 interactions.
DCs play a key role in the adaptive immune response. It has been demonstrated a decrease in Th1 cells and an increase in Th2 cells 27 , supporting our data. Lymphocyte activation, measured by CD4+ DR+ and CD8+ DR+ percentages, was present in HIV-infected patients and did not modify after control of HIV replication.
Several cells counteract immune activation in healthy humans. As it has previously reported 17, 19, 28, 29 , we observed an increase in the proportion of Tregs in HIV-infected patients. In addition, we observed an increased proportion of Treg with intracellular TGF-β1 and IL-10 in HIV-infected individuals, supporting the enhanced regulatory function of these cells. The percentage of Tregs was significantly correlated with HIV load and with T cell activation markers. 20 hours. Above each graphic, flow cytometry data for representative cases of a healthy control and a patient with untreated chronic HIV infection are shown. A grey line in (B,C) figures represents isotype controls, used to confirm specificity of staining and to discriminate background staining. Data are provided as median, interquartile values and range.
The other regulatory population considered in this work was MDSCs, a heterogeneous population of immature and progenitor myeloid cells from monocyte or granulocyte lineage. MDSCs are characterized by strong immunosuppressive ability 18 . In contrast to previous reports, we did not observe increased MDSCs number in HIV-infected patients. Quin et al. described an expansion of monocytic MSDCs but not the granulocyte subset (CD11b+ CD33+ CD14− CD15+) in individuals with HIV 22 . It has been reported that the CD4+ T cell count influences the proportion of MDSCs. In agreement with our results, Volbrecht et al. reported that the MDSC levels of HIV individuals with a CD4 cell count of 250-500 cells/mm 3 were not significantly different from those observed in controls 21 . Interestingly, we observed that the intracellular expression of IL-10, a cytokine with immunosuppressive function, by MDSCs was significantly increased in HIV-infected individuals. These effects have not been reported previously.
The percentage of activated lymphocytes and Tregs and their intracellular expression of TGF-β1 and IL-10 did not change significantly after ART, probably due to they continue down-regulating the increased immune activation. In contrast, a significant elevation of the number of MDSCs in both recently and chronically infected patients was detected. The exposure of precursors (peripheral blood or bone marrow mononuclear cells) to LPS or to proinflammatory cytokines contributes to the expansion of MDSCs 19, 20 ; this was a late effect because the expansion of MDSCs was not evident until 12 months of therapy. An increase in the expression of IL-10 by MDSCs after ART, probably as a consequence of maintained immune activation, was only detected in recently HIV-infected patients, suggesting a permanent functional alteration of MDSCs in those in which ART was initiated in a later phase.
Taken together the data of DCs and MDSCs, these findings suggest that in the early phases of infection, the response to antigenic stimuli and regulation of the immune activation are more preserved. These favorable modifications support the immediate initiation of ART, such it has been clinically proved 30, 31 . To analyze the persistence of these immune changes, a sample of chronic HIV-infected patients with ART-induced HIV undetectability for a period of 54 months was included. Bacterial translocation and immune activation markers continued being detected; thus, it was not surprising the elevated expression of immunosuppressive Treg-derived TGF-β1 and IL-10 detected in the patients. The down-regulating effects of these cytokines on DCs number and function 17 could justify the observed diminution of DCs as well their expression of IL-12 and IFN-α observed in the present work by patients with ART-induced HIV undetectability for a long period. In fact the decrease observed in the number and function of pDCs and mDCs is in line with those articles which report a decreased proportion of both or the ability to secrete IL-12 and IFN-α by them [3] [4] [5] 9, 16 . Data about MDSCs were unexpected: a decreased percentage of MDSCs and MDSCs expressing IL-10 were detected in these patients. Two putative explanations are suggested: (1) Our measures of activation stimuli were not enough sensitive. LBP concentration was similar in these patients and in those with lower time of undetectability as well as IL-6 level, another stimulus of MSDCs formation 19, 20 . (2) Alternatively, it is possible to speculate that MDSCs function as a relatively time-limited response to immune activation, being the Tregs those who exert the down-regulation during a more prolonged period.
In conclusion, the new findings about the pathogenesis of HIV infection supported by our results are: (1) The percentages of DCs and the intracellular expression of IL-12 and IFN-α by mDCs and pDCs, respectively, were elevated in HIV-infected patients. In patients with recent HIV infection, but not in those with chronic disease, an increase in the number of both subtypes of DCs after 12 months of ART was observed. However, in previously treated patients for a median of 54 months with undetectable HIV load, both mDC and pDC and the expression of IL-12 and IFN-α were significantly lower when compared with those controlled after only 12 months of ART, suggesting a decrease of them after a prolonged period of viral load undetectability. (2) Correlated with T cell activation markers, increased Treg proportion with elevated intracellular TGF-β1 and IL-10 expression was detected. In previously treated patients with undetectable HIV load for a median of 54 months, a significantly higher expression of TGF-β1 and IL-10 than in those controlled after only 12 months of ART was observed, suggesting a continuously attempt to control the cellular activation. (3) Finally, it was observed a significant elevation of the number of MDSCs expressing IL-10 in both recently and chronically infected patients compared with healthy controls. Increased numbers of MDSCs were detected in both groups of patients after ART. However, an enhanced percentage of MDSCs expressing IL-10 after ART was only detected in recently HIV-infected patients. Patients at risk of HIV infection are tested every 6 months. Recent HIV infection was diagnosed if anti-HIV antibodies were present at inclusion but absent in a determination performed 6 months previously. Chronic infection was diagnosed if anti-HIV antibodies were present in a determination performed at least 6 months previously; these patients had refused ART when they were diagnosed. Controlled HIV replication was considered when the HIV load was less than 50 copies/ml (Abbott RealTime HIV-1, Abbott Park, IL, USA).
Duration of HIV infection was designated as the first positive anti-HIV test. Bacterial translocation is usually indicated by increased serum levels of bacterial LPS, LPS-binding globulin (LBP) or bacterial 16S ribosomal DNA (16S rDNA) 32 . As recommended previously 32 , the presence of 16S rDNA and serum concentrations of LBP were used in this work.
Study schedule. The study protocol included the following patient information: (1) clinical history, nadir CD4+ T cell count and HIV load, previous ART and time with undetectable HIV load; (2) CD4+ T cell count and HIV load at inclusion; and (3) peripheral blood sampling at inclusion for analysis of bacterial translocation and immune parameters. In those patients with detectable HIV loads, ART was initiated according to the Spanish Group for AIDS Study guidelines [www.gesida.seimc.org]. Current ART was continued in those patients with an undetectable HIV load.
Patients with a detectable HIV load at inclusion were followed for 12 months. Immune parameters were analyzed every six months.
Laboratory methods. Blood samples were collected in pyrogen-free heparinized tubes (Biofreeze, Costar, USA) at 8 am to minimize the influence of circadian rhythms. 16S rDNA was detected after initial extraction of DNA (QIAamp DNA Mini Kit; QIAgen, Hilden, Germany) and quantification by spectrophotometry (BioRad, Hercules, CA, USA), posterior amplification of the 16S rDNA region of E. coli, using the following primers: 16SR 5′-ACC-GCC-ACT-GCT-GCT-GGC-AC-3′ y 16SF 5′-AGA-GTT-TGA-TCA-TGG-CTG-AG-3′ (IDT, Coralville, Recent HIV-infected patients with detectable HIV load at baseline, after 12 months of antiretroviral therapy (n = 9) Chronic HIV-infected patients with detectable HIV load at baseline, after 12 months of antiretroviral therapy (n = 9) Chronic HIV-infected patients with controlled HIV load at baseline (n = 25)
Presence of bacterial DNA in peripheral blood (n, %) 9 (100) 9 (100) 25 (100) 
